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(57) A semiconductor device comprises a channel 
layer where electrons transit and a barrier layer formed 
on the channel layer, and a plurality of quantum boxes 
are provided In the barrier layer. The plurality of quantum 
boxes form a plurality of quantum box strings which are 
perpendicular to the electron transition direction In the 
channel region of the channel layer, and the plurality of 
quantum box strings are arranged at prescribed inter- 
vals in a direction parallel to the electron transition di- 
rection In the channel region. Alternatively, the channel 
region Is formed in the shape of a thin line parallel to the 



electron transition direction in the channel region, and 
the plurality of quantum boxes are arranged In a line at 
prescribed intervals along the thin-line shaped channel 
region. A process of fabricating the quantum boxes 
comprises steps of forming a pattern having a plane ori- 
entation readily allowing 6elf-organized formation on a 
surface of a first semiconductor having a plane orienta- 
tion hardly allowing self-organized formation, and selec- 
tively forming quantum boxes composed of a second 
semiconductor on the pattern in a self-organized man- 
ner by forming the second semiconductor on the surface 
of the first semiconductor. 



FIG. 1 A 



CM 
< 

s 

IO 



o 

CL 
HI 



(Cont. next page) 



EP0B61 606 A2 



FIG. IB 



I I 42 t 43 _ 44 

LyT-r| </ 9^ (j/ 9 

? ? 9 9 rV 

41 © (p <p © Y 

3 . — 6 6 9 



%4 



41^42^43^44 "^45^ 
41a 42a 43a 44a 45a 



1 



EP 0 851 606 A2 



Description 

This application is related to copending application 
US Serial Number 08/561,124, field November 20, 
1 995, commonly assigned with the present Invention. s 

The present invention relates to a semiconductor 
device and a method of fabricating the same, and more 
particularly, it relates to a semiconductor device having 
quantum boxes which can be implemented with higher 
integration and is operable at a low voltage, and a meth- *o 
od of fabricating the same. 

A semiconductor memory element substituting for 
a memory device having a mechanical part such as a 
hard disk is indispensable for miniaturizing a portable 
information device, reducing the power consumption »s 
and Improving the reliability. The so-called flash memory 
comprising a floating gate field-effect transistor (FG- 
FET) is actively developed for 6uch application at 
present. However, an FG-FET disadvantageous^ re- 
quires a high gate voltage (at least 1 0 V) for writing/eras- 20 
ing data, and can write/erase data by only a small 
number of times (about 10« times). When the element 
Is further refined and implemented with higher Integra- 
tion such that the gate length is not more than 0.1 urn, 
further, the element cannot stably operate due to reduc- 25 
lion of the carrier number and appearance of a quantum 
effect. 

Due to mainly theoretical researches, it is currently 
Known that a semiconductor device such as a semicon- 
ductor electronic element which can be implemented 30 
with higher integration and le operable at a low voltage 
or a semiconductor light emitting device which can op- 
erate In high efficiency with a low current can be fabri- 
cated through a hyperfine structure of quantum boxes 
or the like. 35 

For example, Japanese Patent . Laying-Open Ga- 
zette No. 8-148669 (1996) proposes a semiconductor 
device provided with quantum boxes In the vicinity of a 
channel region where electrons transit. This semicon- 
ductor device is a semiconductor memory element em- w 
ploying quantum boxes In place of the floating gate of 
the aforementioned FG-FET, for causing a write/erase 
state of a memory In correspondence to presence/ab- 
sence of electrons In the quantum boxes. 

The term "quantum box" Indicates a structure which « 
can three-dimenelonally confine electrons or holes in a 
region smaller than the de Bloglle wavelength of the 
electrons or holes In a semiconductor. Throughout the 
specification, the term 'quantum box" Indicates a struc- 
ture which can confine electrons or holes In a size of not *o 
more than 1000 A entirely in three-dimensional direc- 
tions X, Y and Z which are perpendicular to each other. 

The conventional semiconductor device described 
in the aforementioned gazette Is now described with ref- 
erence to Figs. 22A and 22B. Fig. 22A is a typical sec- ss 
tlonal view showing the structure of the conventional 
semiconductor device provided with quantum boxes In 
the vicinity of a channel where electrons transit, and Fig. 



22B is a sectional view taken along the line a ■ a' in Fig. 
22A (Illustrating the section taken along the one-dot 
chain line a - a' in Fig. 22A as viewed from above). 

Referring to Fig. 22A, a channel layer 2 of 8000 A 
in thickness composed of undoped GaAs, and a barrier 
layer 3 of 350 A in thickness composed of N- 
Alo^Gao 7 Ae doped with Si with a doping concentration 
of 10 1B cm- 9 are stacked on a substrate 1 composed of 
semi-Insulating GaAs, Quantum boxes 4, composed of 
InAs, of not more than 500 A in size are buried In the 
barrier layer 3. Ohmic source and drain electrodes 5 and 
7 are formed on the barrier layer 3 at a prescribed inter- 
val. Further, a Schottky gate electrode 6 Is formed on 
the barrier layer 3 between the source and drain elec- 
trodes 5 and 7. In this conventional semiconductor de- 
vice, the quantum boxes 4 are distributed at random on 
the same plane, as shown in Fig. 22B. 

The operation of the aforementioned conventional 
semiconductor device is now described with reference 
to Fig. 22A. When a voltage is applied between the 
source and drain electrodes 5 and 7, electrons enter the 
channel layer 2 from the source electrode 5 through the 
barrier layer 3 and pass through a channel region in the 
channel layer 2 opposed to the gate electrode 6, to be 
outputted from the drain electrode 7 through the barrier 
layer 3. A source-to-drain current flows In this state, 
which Is referred to as an erase state of the element. 

When a positive pulse voltage is applied to the gate 
electrode 6 in the aforementioned erase state, the elec- 
trons move Into the quantum boxes 4 from the channel 
region through the barrier layer 3, to be confined therein 
and held as such. At this time, the source-to-drain cur- 
rent reduces due to reduction of the electron concentra- 
tion in the channel region opposed to the gate electrode 
6. This state is referred to as a write state of the element. 

When a negative pulse voltage is applied to the gate 
electrode 6 In the aforementioned write state, the elec- 
trons confined in the quantum boxes 4 are returned to 
the channel region opposed to the gate electrode 6 
through the barrier layer 3 again, to be in the same state 
as the aforementioned erase state, 

Thus, the aforementioned conventional semicon- 
, ductor device is a 1 -bit digital memory element which 
enters two states, l.e., erase and write states in corre- 
spondence to presence/absence of electrons In the 
quantum boxes. Namely, the output of this semiconduc- 
tor device changes In a binary manner. As compared 
with the FG-FET, the conventional semiconductor de- 
vice can advantageously write/erase data with a smaller 
gate voltage (about 1 V) thereby increasing the number 
of writable/erasable times (at least 10 6 times) and is op- 
erable even If refined to not more than 0.1 um. 

However, the aforementioned conventional semi- 
conductor device is a 1 -bit element having two states of 
write and erase states similarly to the FG-FET, since the 
quantum boxes 4 are present at random, as herein- 
above described. I n order to implement the element with 
higher integration following an Increased storage capac- 
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fty, therefore, the semiconductor device musl be refined 
similarly to the FG-FET. In case of fabricating such a 
conventional semiconductor device with refinement to 
not more than 0.1 um, for example, the fabrication cost 
is increased or the yield is reduced disadvantageous!/ 
Two types of conventional methods of fabricating 
quantum boxes are now described. In general, self-or- 
ganized formation and selective growth are employed 
for forming quantum boxes. 

First, self-organized formation of quantum boxes Is 
described. Figs. 23Aand 23B illustrate a method of fab- 
ricating quantum boxes by self-organized formation. 

Referring to Fig. 23A, an InAs layer 62L of about 
2.5 molecular layers In thickness Is formed on a GaAs 
layer 61. The lattice constant of InAs is larger than that 
of GaAs, and hence Internal stress results In the InAs 
layer 62L formed on the GaAs layer 61 . The InAs layer 
62L Is formed by epitaxy 6uch as molecular beam epi- 
taxy (MBE), metal-organic chemical vapor deposition 
(MOCVD) or chemical beam epitaxy (CBE). 

When the InAs layer 62L is deposited in excess of 
about 2.6 molecular layers, the lamellar InAs layer 62L 
having two-dimensional spreading is transformed Into 
quantum boxes 62 of about 150 A In diameter, which 
are three-dimensional masses, as shown In Fig. 23B. 
This is because the Internal stress so increases that the 
two-dimensional layer structure cannot be held if the 
thickness of the InAs layer 62L exceeds about 2.5 mo- 
lecular layers. 

The aforementioned quantum box forming method 
is known as self -organized formation of quantum boxes. 
The feature of the seff-organlzed formation of quantum 
boxes resides in that hyperfine quantum boxes of not 
more than several 100 A can be formed with no require- 
ment for a specific technique of refinement. 

In the self-organized formation of quantum boxes, 
however, the respective quantum boxes are disadvan- 
tageously distributed at random due to uncontrollable 
forming positions and sizes thereof. 

The selective growth of quantum boxes is now de- 
scribed. Figs. 24A and 24B Illustrate a method of fabri- 
cating quantum boxes by selective growth. 

Referring to Fig. 24A, a mask 72 formed of an Si 
oxide film or an Si nitride film is formed on a GaAs layer 
71 . The mask72 is provided with cylindrical opening pat- 
terns 72a of not more than 1 000 A in diameter, in a depth 
reaching a surface of the GaAs layer 71. The opening 
patterns 72a are formed by electron beam exposure (EB 
exposure) and reactive Ion etching (RIE) or the like. 

When an InAs layer Is grown from above the mask 
72 by the aforementioned epitaxy, InAs layers are se- 
lectively grown on surface parts of the GaAs layer 71 
exposed on the bottoms of the opening patterns 72 
since no InAs Is grown on the mask 72. 

Then, the mask 72 is removed by wet etching, 
whereby a structure provided with quantum boxes 73 
composed of InAs appears on the GaAs layer 71 , as 
shown In Fig. 24B. 



This method is known as selective growth of quan- 
tum boxss, and its feature resides in that the sizes and 
the forming positions of the quantum boxes are control- 
lable. 

s However, the selective growth of quantum boxes 
has such disadvantages that hyper-refinement to not 
more than 1000 A Is required for forming mask patterns 
substantially Identical In size to the quantum boxes, Si 
atoms contained in the mask 72 are self-doped in the 
io quantum boxes 73 as Impurities, and defects are readily 
caused on the GaAs layer 71 and the quantum boxes 
73 in the aforementioned step of removing the mask 72. 

An object of the present invention is to provide a 
semiconductor device which can increase its storage 
is capacity with no requirement for hyper-refinement. 

Another object of the present Invention Is to provide 
a semiconductor memory device which may store a 
number of bits and Increase its storage capacity without 
increasing the degree of Integration. 
20 Still another object of the present invention Is to pro- 
vide a method of fabricating a semiconductor device 
which may position-controllably form quantum boxes 
without employing a technique of hyper-refinement or a 
mask for selective growth. 

A further object of the present Invention is toprovlde 
a method of fabricating a semiconductor device which 
may control positions for forming quantum boxes with- 
out employing lithography using ultraviolet rays, X-rays, 
electron beams or ion beams. 
so A semiconductor device according to an aspect of 
the present invention comprises a channel region where 
carriers transit and a plurality of quantum boxes provid- 
ed in the vicinity of the channel region through a poten- 
tial barrier for storing carriers. The plurality of quantum 
3s boxes are arranged at prescribed Intervals In a direction 
parallel to the carrier transition direction in the channel 
region. 

The semiconductor device having such a structure 
can change a plurality of states Including a state storing 
40 no carriers In the plurality of quantum boxes, that storing 
carriers in some of the plurality of quantum boxes and 
that storing carriers in all of the plurality of quantum box- 
es stepwise in response to the value of an applied volt- 
age. 

« Inparticular, nootherquantumboxesarepreferably 
present between the plurality of quantum boxes. Thus, 
no intermediate state appears In addition to the afore- 
mentioned plurality of states, whereby the plurality of 
states can be reliably changed stepwise with no devel- 
so opment of an intermediate state. 

The plurality of quantum boxes may form a plurality 
of quantum box strings which are perpendicular to the 
carrier transition direction in the channel region, so that 
the plurality of quantum box strings are arranged at the 
55 aforementioned prescribed Intervals In the direction par- 
allel to the carrier transition direction In the channel re- 
gion, Thus, the number of carriers stored in the quantum 
boxes Is increased, whereby the change between the 



6 



EP 0 851 606 A2 



plurality of stales can be Increased. 

In particular, the plurality of quantum box strings are 
prelerably parallel to each other. If the plurality of quan- 
tum box strings are not parallel to each other, the Inter- 
vals between the quantum box strings are partially nar- 
rowed to reduce the difference between the aforemen- 
tioned plurality of states, leading to reduction of the 
change between the plurality of states. If the plurality of 
quantum box strings are parallel to each other, on the 
other hand, the change between the plurality of states 
is prevented from reduction. 

The channel region may be formed In the shape of 
a thin line which Is parallel to the carrier transition direc- 
tion in the channel region, so that the plurality of quan- 
tum boxes are arranged at the aforementioned pre- 
scribed Intervals In a line along the thin-line shaped 
channel region. Thus, refinement and high Integration 
of the semiconductor device are enabled. 

The semiconductor device may further comprise 
first and second electrodes for supplying carriers to the 
channel region. Thus, a digital current output can be ex- 
tracted by feeding a currenl to the channel region. 

The semiconductor device may further comprise a 
third electrode for generating an electric field between 
the channel region and the plurality of quantum boxes. 
Thus, it is possible to store carriers in the quantum box- 
es or vacate the quantum boxes by applying a voltage 
to the third electrode. 

A semiconductor device according to another as- 
pect of the present invention comprises a channel layer 
having a channel region where carriers transit in a di- 
rection parallel to a layer Interface, a barrier layer which 
is formed on the channel layer having a larger forbidden 
bandwidth than the channel layer and a plurality of quan- 
tum boxes which are burled in the barrier layer having 
a smaller forbidden bandwidth than the barrier layer. 
The plurality of quantum boxes are arranged at pre- 
scribed Intervals in a direction parallel to the carrier tran- 
sition direction in the channel region. 

Due to the structure, presence/absence of carriers 
in the plurality of quantum boxes can be detected 
through change of a current flowing in the channel re- 
gion. 

The plurality of quantum boxes may form a plurality 
of quantum box strings which are perpendicular to the 
carrier transition direction in the channel region, so that 
the quantum box strings are arranged at the aforemen- 
tioned prescribed intervals In the direction perpendicular 
to the carrier transition direction in the channel region. 
Thus, the number of carriers stored in the quantum box- 
es Increases, whereby change between a plurality of 
states can be Increased. 

The channel region may be formed in the shape of 
a thin line which Is parallel to the carrier transition direc- 
tion in the channel region, so that the plurality of quan- 
tum boxes are arranged In a thln-llne shaped region of 
the barrier layer corresponding to the thin-line shaped 
channel region at prescribed Intervals in a line along the 



carrier transition direction in the channel region. Thus, 
refinement and high Integration of the semiconductor 
device are enabled. 

The channel layer may be formed of an undoped 
s semiconductor, the barrier layer may be formed of one 
conductivity type semiconductor or insulator, and the 
plurality of quantum boxes may be composed ol an un- 
doped semiconductor or metal. 

The semiconductor device may further comprise 
10 rirst and second electrodes for supplying carriers to the 
channel region. Thus, a digital current output can be ex- 
tracted by feeding a current to the channel region. 

The semiconductor device may further comprise a 
third electrode for generating an electric field between 
is the channel region and the plurality of quantum boxes. 
Thus, it is possible to store carriers In the quantum box- 
es or vacate the quantum boxes by applying a voltage 
to the third electrode. 

An output may be extracted as multivalued logic 
so from the first and second electrodes In correspondence 
to presence/absence of carriers In the plurality of quan- 
tum boxes. Thus, the current output can be digitally 
changed. 

The channel layer may be composed of a GaAs, 

25 InGaAs or SIGe semiconductor, the barrier layer may 
be composed of an AIGaAs, InAIAs or Si semiconductor, 
and the plurality of quantum boxes may be composed 
of an InAs or Ge semiconductor. 

The semiconductor device may further comprise a 

30 substrate having a Glighlty inclined surface Inclined from 
the basic plane orientation, 6o that the channel layer is 
formed on the slightly inclined surface of the substrate. 
In this case, the plurality of quantum boxes can align 
substantially in parallel with each other at regular inter- 

35 vals along steps on surfaces of the channel layer and 
the barrier layer successively formed on the slightly in- 
clined surface of the substrate. 

A semiconductor device according to still another 
aspect ol the present Invention comprises a channel lay- 

40 or having a channel region where carriers transit In a 
direction parallel to a layer interface, a barrier layer 
formed on the channel layer having a larger forbidden 
bandwidth than the channel tayeranda plurality of quan- 
tum boxes buried in the channel layer having a smaller 

45 forbidden bandwidth than the channel layer. The plural- 
ity of quantum boxes are arranged at prescribed inter- 
vals in a direction parallel to the carrier transition direc- 
tion In the channel region. 

Due to this structure, presence/absence of carriers 

so in the plurality of quantum boxes can be detected by 
change of a current flowing In the channel region. 

The plurality of quantum boxes may form a plurality 
of quantum box strings which are perpendicular to the 
carrier transition direction in the channel region, so that 

ss the plurality of quantum box strings are arranged at the 
aforementioned prescribed Intervals In the direction par- 
allel to the carrier transition direction in the channel re- 
gion. Thus, the number of carriers stored in the quantum 
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boxes is increased, whereby change between a plurality 
ol states can be Increased. 

The channel region may be formed In the shape of 
a thin line which is parallel to the carrier transition direc- 
tion In the channel region, so that the plurality of quan- 
tum boxes are arranged at the aforementioned pre- 
ecribed Intervals in a line along a direction parallel to the 
carrier transition direction In the thin-fine shaped chan- 
nel region. Thus, refinement and high Integration of the 
semiconductor device are enabled. 

In particular, the plurality of quantum box strings are 
preferably parallel to each other. In this case, change 
between a plurality of states is prevented from reduc- 
tion. 

The channel layer may be formed of an undoped 
semiconductor, the barrier layer may be formed of one 
conductivity type semiconductor or insulator, and the 
plurality of quantum boxes may be composed of an un- 
doped semiconductor or metal. 

The semiconductor device may further comprise 
first and second electrodes for supplying carriers to the 
channel region. Thus, a digital current output can be ex- 
tracted by feeding a current to the channel region. 

The semiconductor device may further comprise a 
third electrode for generating an electric field between 
the channel region and the plurality of quantum boxes. 
Thus, it is possible to store carriers in the quantum box- 
es or vacate the quantum boxes by applying a voltage 
to the third electrode. 

An output may be extracted as multivalued logic 
from the first and second electrodes in correspondence 
to presence/absence of carriers in the plurality of quan- 
tum boxes. Thus, the current output can be digitally 
changed. 

The channel layer may be formed of a GaAs, In- 
QaAs or SIGe semiconductor, the barrier layer may be 
formed of an AIGaAs, InAIAs or Si semiconductor, and 
the plurality of quantum boxes may be composed of an 
InAs or Ge semiconductor. 

The semiconductor device may further comprise a 
substrate having a slightly inclined surface inclined from 
the basic plane orientation, so that the channel layer Is 
formed on the slightly inclined surface of the substrate. 
In this case, the plurality of quantum boxes can align 
substantially in parallel with each other at regular Inter- 
vals along a step on a surface of the channel layer 
formed on the slightly inclined surface of the substrate. 

A semiconductor memory device according to a fur- 
ther aspect of the present invention comprises a chan- 
nel region where canlere transit, a plurality of quantum 
boxes provided in the vicinity of the channel region 
through a potenlial barrier for storing carriers and first 
and second electrodes for supplying carriers to Ihe 
channel region. The plurality of quantum boxes are ar- 
ranged at prescribed intervals In a direction parallel to 
the carrier transition direction In the channel region. 

This semiconductor device can change a plurality 
ol states Including a state storing no carriers in the plu- 



rality of quantum boxes, that storing carriers In some of 
the plurality of quantum boxes and that storing carriers 
in ail of the plurality of quantum boxes stepwise in re- 
sponse to the value of an applied voltage. Thus, a single 

s element can store a number of bits, and its storage ca- 
pacity can be Increased without increasing the degree 
of Integration. 

An output may be extracted as multivalued logic 
from the first and second electrodes In correspondence 

io to presence/absence of carriers In the plurality of quan- 
tum boxes. Thus, a current output can be digitally 
changed. 

A method of fabricating a semiconductor device 
comprising a channel region where carriers transit and 

is a plurality of quantum boxes provided In the vicinity of 
the channel region through a potential barrier for storing 
carriers according to a further aspect of the present In- 
vention comprises steps of forming a single or plurality 
of semiconductor layers Including the channel region, 

20 interrupting the formation of the single or plurality of 
semiconductor layers, forming a plurality of quantum 
boxes on a surface of the single or plurality of semicon- 
ductor layers appearing during the interruption at pre- 
scribed Intervals In a direction parallel to the carrier Xran- 

2$ sition direction in the channel region, and further forming 
a semiconductor layer on the single or plurality of sem- 
iconductor layers to bury the plurality of quantum boxes 
therein. 

According to this method, nohyper-reflnementis re- 

30 quired for forming the quantum boxes. Further, the sem- 
iconductor device fabricated by this method can change 
a plurality of states Including a state storing no carriers 
in the plurality of quantum boxes, that storing carriers In 
some of the plurality of quantum boxes and that storing 

35 carriers In all of the plurality of quantum boxes stepwise 
in response to the value of an applied voltage. 

The method of fabricating a semiconductor device 
may further comprise a step of forming a slightly inclined 
surface having a plane orientation inclined from the ba- 

40 sic crystal orientation on a surface of a substrate, and 
the step of forming the single or plurality of semiconduc- 
tor layers may include a step of forming the single or 
plurality of semiconductor layers including the channel 
region on the slightly Inclined surface of the substrate. 

*5 According to this method, the plurality of quantum 
boxes can align substantially In parallel with each other 
at regular intervals along a surface step on the surface 
of the semiconductor layer appearing during the afore- 
mentioned interruption. 

B o The step ol forming the plurality of quantum boxee 
may include a step of forming the plurality of quantum 
boxes by self-organized formation, so that the plurality 
of quantum boxes align along a surface step appearing 
on the surface of the semiconductor layer(s) substan- 

55 tially parallel to each other at regular Intervals. 

The single or plurality of semiconductor layers may 
include a first semiconductor having a surface having a 
plane orientation hardly allowing self-organized forma- 
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tion, and the step of forming a plurality of quantum boxes 
may Include steps of forming a plurality of patterns hav- 
ing a plane orientation readily allowing self-organized 
formation on the surface of the first semiconductor and 
forming a plurality of quantum boxes composed of a sec- 
ond semiconductor on the self-organized manner in a 
self -organized manner by forming the second semicon- 
ductor on the surface of the first semiconductor. 

In this case, the positions for forming the plurality of 
quantum boxes depend on the positions of the plurality 
ol patterns. Therefore, it is possible to form position-con- 
trolled One quantum boxes without employing hyper-re- 
finement or a mask for selective growth. 

A method of fabricating a semiconductor device 
comprising a channel region where carriers transit, a 
plurality of quantum boxes provided in the vicinity of the 
channel region through a potential region for storing car- 
riers and a buried layer formed of a semiconductor or 
insulator having the plurality of quantum boxes buried 
therein according to a further aspect of the present in- 
vention comprises steps of forming a thin-line shaped 
region by working at least one of the channel region and 
the buried layer Into the shape of a thin line, forming the 
plurality of quantum boxes on the thin-line region at pre- 
scribed Intervals, and burying the plurality of quantum 
boxes In the semiconductor or insulator. 

This method may further comprise a step of forming 
an electrode to be opposed to the plurality of quantum 
boxes. In this case, the electrode opposed to the plural- 
ity of quantum boxes can be readily formed with refer- 
ence to the thin-line shaped region. 

The single or plurality of semiconductor layers may 
include a first semiconductor having a surface having a 
plane orientation hardly allowing self-organized forma- 
tion, and the step of forming the plurality of quantum 
boxes may include steps of forming a plurality of pat- 
terns having a plane orientation readily allowing self-or- 
ganized formation on the surface of the first semicon- 
ductor and forming a plurality of quantum boxes com- 
posed of a second semiconductor on the plurality of pat- 
terns in a self -organized manner by forming the second 
semiconductor on the surface of the first semiconductor. 

In this case, the positions for forming the plurality of 
quantum boxes depend on the positions of the plurality 
of patterns. Therefore, it Is possible to form position-con- 
trolled fine quantum boxes without employing hyper-re- 
finement or a mask for selective growth. 

A method of fabricating a semiconductor device ac- 
cording to a further aspect of the present Invention com- 
prises steps of forming a slightly Inclined surface having 
a plane orientation Inclined from the basic crystal orien- 
tation on a surface of a substrate, forming a semicon- 
ductor layer on the slightly inclined surface of the sub- 
strate, interrupting the formation of the semiconductor 
layer, and forming a plurality of quantum boxes by serf- 
organized formation so that the plurality of quantum box- 
es align on a surface step appearing on a surface of the 
semiconductor layer during the Interruption. 



According to this method, ft is possible to align the 
plurality of quantum boxes substantially In parallel with 
each other at regular intervals along the surface step on 
the surface of the semiconductor layer during the atore- 
s mentioned Interruption. 

A method of fabricating a semiconductor device ac- 
cording to a further aspect of the present invention com- 
prises steps of forming a pattern having a plane orien- 
tation readily allowing self -organized formation on a sur- 
10 (ace of a first semiconductor having a plane orientation 
hardly allowing self -organized formation, and forming a 
quantum box composed of a second semiconductor on 
the pattern in a 6etf-organlzed manner by forming the 
second semiconductor on the surface of the first semi- 
»s conductor. 

When this method is employed, the position for 
forming the quantum box depends on the position of the 
partem. Therefore, it Is possible to form a position-con- 
trolled fine quantum box without employing hyper-re- 
20 flnement or a mask for selective growth. 

The stsp of forming the pattern may Include a step 
of employing natural lithography. Thus, it is possible to 
form the aforementioned pattern without employing li- 
thography utilizing ultraviolet rays, X-rays, electron 
25 beams, Ion beams or the like. 

The natural lithography may include steps of apply- 
ing a polymer compound to the aforementioned surface 
of the first semiconductor thereby arranging molecular 
balls of the polymer compound on the aforementioned 
30 surface of the first semiconductor, and etching the first 
semiconductor through the molecular balls of the poly- 
mer compound serving as masks. 

The plane orientation hardly allowing self-organ- 
ized formation may be the (221) plane, and the plane 
35 orientation readily allowing self-organized formation 
may be a plane different from the (221) plane. 

The first semiconductor may include a single or plu- 
rality of semiconductors selected from a group of GaAs, 
AIQaAs and InGaAs semiconductors, and the quantum 
40 boxes may include a single or plurality of semiconduc- 
tors selected from a group of InAs, InGaAs, InSb and 
GaSb semiconductors. 

The foregoing and other objects, features, aspects 
and advantages of the present invention will become 
« more apparent from the following detailed description of 
the present invention when taken in conjunction with the 
accompanying drawings. 

Fig. 1 A Is a typical sectional view showing the struc- 
50 ture of a semiconductor dsvice according to a first 
embodiment of the present invention; 
Fig. 1 B Is a sectional view of the semiconductor de- 
vice taken along the line a - a" In Fig. 1 A; 
Fig. 2 Is a typical sectional view showing a first step 
5S of a method of fabricating the eemiconductor device 
according to the first embodiment; 
Fig. 3 Is a typical sectional view showing a second 
step of the method of fabricating the semiconductor 
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device according to the first embodiment; 
Fig. 4 is a typical sectional view showing a third step 
ol the method of fabricating the semiconductor de- 
vice according to the first embodiment; 
Fig. 5 Is a typical sectional view showing a fourth 
step of the method of fabricating the semiconductor 
device according to the first embodiment; 
Fig. 6 Is a typical sectional view showing a fifth step 
of the method of fabricating the semiconductor de- 
vice according to the first embodiment; 
Fig. 7 is a typical sectional view showing a sixth step 
of the method of fabricating the semiconductor de- 
vice according to the first embodiment; 
Fig. Bis a typical sectional view showing a seventh 
step of the method of fabricating the semiconductor 
device according to the first embodiment; 
Fig. 9 illustrates the operation of the semiconductor 
device according to the first embodiment; 
Fig. 10 illustrates the current-voltage characteris- 
tics of the semiconductor device according to the 
first embodiment; 

Fig. 11 A is a typical sectional view showing the 
structure of a semiconductor device according to a 
second embodiment of the present Invention; 
Fig. 11 B is a sectional view taken along the line a - 
a' in Fig. 11 A; 

Figs. 12A, 12B, 12C, 12D and 12E are typical sec- 
tional views showing first to fifth steps of a method 
of fabricating the semiconductor device according 
to the second embodiment respectively; 
Fig. 13A Is a typical sectional view showing the 
structure of a semiconductor device according to a 
third embodiment of the present invention; 
Fig. 13B is a sectional view of the semiconductor 
device taken along the line a - a' In Fig. 13A; 
Fig. 14A is a typical sectional view showing a first 
step of a method of fabricating the semiconductor 
device according to the third embodiment; 
Fig. 1 4B is a top plan view of the semiconductor de- 
vice shown In Fig. 14A as viewed along arrow B; 
Fig. 14C is a side elevational view of the semicon- 
ductor device shown In Fig. 14A as viewed along 
arrow C; 

Figs. 15A and 15B are a typical sectional view and 

a plan view showing a second step of the method 

ol fabricating the semiconductor device according 

to the third embodiment respectively; 

Figs. 1 6A and 1 6B are a typical sectional view and 

a plan view showing a third step of the method of 

fabricating the semiconductor device according to 

the third embodiment respectively; 

Figs. 17A and 17B are a typical sectional view and 

a plan view showing a fourth step of the method of 

fabricating the semiconductor device according to 

the third embodiment respectively; 

Figs. 18A and 18B are a typical sectional view and 

a plan view showing a fifth step of the method of 

fabricating the semiconductor device according to 



the third embodiment respectively; 
Fig. 1 9 illustrates the operation of the semiconduc- 
tor device according to the third embodiment; 
Figs. 20A, 20B, 20C and 20D are perspective views 
s showing first to fourth steps of a method of fabricat- 
ing quantum boxes according to a fourth embodi- 
ment of the present invention respectively; 
Figs. 21 A and 21 B are plan views showing first and 
second steps of a method of fabricating quantum 
io boxes according to a fifth embodiment of the 
present invention respectively; 
Fig. 22A Is a typical sectional view showing the 
structure of a conventional semiconductor device; 
Fig. 22B is a sectional view ol the conventional Bern- 
's iconductor device taken along the line a - a' in Fig. 
22A; 

Fig. 23A is a perspective view showing a first step 
of a conventional method of fabricating quantum 
boxes by self-organized formation; 
zo Fig. 23B is a perspective view showing a second 
step of thB conventional method of fabricating quan- 
tum boxes by self-organized formation; 
Fig. 24A is a perspective view showing a first step 
of a conventional method of fabricating quantum 
boxes by selective growth; and 
Fig. 24B is a perspective view showing a second 
step of the conventional method of fabricating quan- 
tum boxes by selective growth. 

30 The structure of a semiconductor device according 
to a first embodiment of the present invention Is now de- 
scribed with reference to Figs. 1 A and 1 B, followed by 
description of a method ol fabricating this semiconduc- 
tor device. 

as Fig. 1 A Is a typical sectional view showing the struc- 
ture of the semiconductor device according to the first 
embodiment, and Fig. 1 B is a sectional view of the sem- 
iconductor device taken along the line a - a' in Fig. 1 A 
(showing a section along the one-dot chain line a - a' as 

40 viewed from above). 

Referring to Fig. 1 A. a channel layer 2 of 8000 A in 
thickness composed of undopsd QaAs and a barrier lay- 
er 3 of 350 A In thickness composed of N-Al 0 . 3 Gao 7 As 
doped with SI In a concentration of 10' 8 cm-a'are 

45 stacked on a substrate 1 composed of semi-Insulating 
GaAs. Quantum boxes 4 of not more than 500 A In size 
composed of InAs are buried In the barrier layer 3. Ohm- 
Ic source and drain electrodes 5 and 7 are formed on 
the barrier layer 3 at a prescribed interval, Further, a 

so Schottky gate electrode 6 is formed on the barrier layer 
3 between the source and drain electrodes 5 and 7. 

In the semiconductor device according to the first 
embodiment, the quantum boxes 4 formed in the barrier 
layer 3 Include first, second, third, fourth and fifth quan- 

55 turn boxes 41 , 42, 43, 44 and 46, as shown in Fig. 1 B. 
The first to fifth quantum boxes 41 to 45 align with each 
other on straight lines respectively as shown by broken 
lines, to form a first quantum box string 41a, a second 
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quantum box string 42a, a third quantum box string 43a, 
a fourth quantum box 6tring 44a and a fifth quantum box 
string 45a respectivoty. The first to fifth quantum box 
strings 41 a to 45a are distributed substantially in parallel 
with each other at prescribed intervals, in a direction per- s 
pendicular to the direction, where electrons transit in a 
channel region, connecting the source and drain elec- 
trodes 5 and 7 with each other. 

When the length of the gate electroda 6 is 0.8 |im. 
for example, seven quantum box strings are formed un- 10 
der the gate electrode 6 so that the average interval Lx 
between the strings Is about 1000 A, and the average 
Interval Ly between the quantum boxes in each string Is 
about 300 A. Fig. 1B shows only five quantum box 
strings 41 a to 45a, for simplifying the illustration. '5 

The method of fabricating the semiconductor de- 
vice according to the first embodiment is now described 
with reference to Figs. 2 to B. Figs. 2 to B are typical 
sectional views showing the method of fabricating the 
semiconductor device. io 

In the method of fabricating the semiconductor de- 
vice according to the first embodiment, the substrate 1 
composed of semi-Insulating GaAe having a surface 1a 
Inclined by about 2° in the [010] direction from the (100) 
plane Is first prepared, as shown In Fig. 2. At this time, 26 
steps (single steps; not shown) each having a height 
corresponding to one GaAs molecular layer appear on 
the surface la of the substrate 1 at irregular intervals. 

Then, the channel layer 2 of 8000 A in thickness 
composed of GaAs is formed on the surface 1a of the 90 
substrate 1 , as shown In Fig. 3. This channel layer 2 ie 
formed by epitaxy such as molecular beam epitaxy 
(MBE), metal-organic chemical vapor deposition 
(MOCVD) or chemical beam epitaxy (CBE). When this 
step Is completed, surface steps 2a are formed on a sur- ss 
face of the channel layer 2 at regular intervals. The sur- 
face steps 2a are multi-steps each having a height of 
several GaAs molecular layers. In case of employing the 
substrate 1 having the aforementioned conditions, the 
distance d between the surface steps 2a Is about 1000 fo 
A, and the height h of the surface steps 2a is about 10 A. 

Then, the barrier layer 3 composed of N-AIGaAs is 
deposited on the surface of the channel layer 2 by about 
1 00 A through the aforementioned epitaxy, and the dep- 
osition of the barrier layer 3 is then interrupted. Surface « 
steps 3a of the barrier layer 3 are multi-steps, similarly 
to the surface steps 2a of the channel layer 2. In this 
case, the distance between the surface steps 3a Is 
about 1000 A, and the height thereof is about 10 A. 

Then, an InAs layer 4A is deposited on the barrier so 
layer 3 by about 2.5 molecular layers in thickness 
through the aforementioned epitaxy, as shown in Fig. 5. 
At this time, the InAs layer 4L, having a larger lattice 
constant than the channel layer 4 and the barrier layer 
3, Is remarkably distorted in its Interior. ss 

Then, the InAs layer 4L Is further deposited on the 
barrier layer 3 by about 2.5 molecular layers Including 
the stsp shown In Fig. 5 through the aforementionedepl- 
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taxy. Thus, the InAs layer 4L, two-dimsnsionally spread- 
ing due to the aforementioned distortion, are trans- 
formed into the quantum boxes 4 which are three-di- 
mensional blocks of several 100 A In size, and these 
quantum boxes 4 align with each other along the surface 
steps 3a on the barrier layer 3, as shown in Fig. 6. Such 
a method of forming quantum boxes through distortion 
is known as self-organized formation of quantum boxes 
(refer to Appl. Phys. Lett. 66, p. 3636 (1995)). 

Then, the barrier layer 3 is deposited again to bury 
the quantum boxes 4 therein through the aforemen- 
tioned epitaxy, as shown in Fig. 7. 

Finally, the ohmic source and drain electrodes 5 and 
7 composed of AuGeNi are formed on the barrier layer 
3 by vapor deposition, and the Schottky gate electrode 
6 composed of TIAI is formed on the barrier layer 3 be- 
tween the source and drain electrodes 5 and 7. Thus 
fabricated is the semiconductor device according to the 
first embodiment. 

While Figs. 2 to 8 exaggeratedly illustrate the incli- 
nation of the substrate 1 and the surface steps 2a and 
3a, the height of each surface step Is about 10 A at the 
most, for example, and the respective semiconductor 
layers can be regarded as substantially flat In practice, 
as shown In Fig. 1 A. 

The operation characteristics of the semiconductor 
device according to the first embodiment shown in Figs. 
1A and IB are now described. First, consider that no 
electrons are present in the quantum boxes 4 shown in 
Fig. 1 A. When a voltage of about 1 V is applied between 
the source and drain electrodes 5 and 7 in this case, 
electrons entering the barrier layer 3 from the source 
electrode 5 go out from the drain electrode 7 through 
the channel layer 2, todevelop a source-to-drain current 
of about 1 mA. This state corresponds to an erase state 
of the element. 

When a positive pulse voltage of not more than 1 V 
Is applied to the gate electrode 6 in this state, the elec- 
trons flowing In the channel layer 2 are confined in the 
quantum boxes 4 successively from the quantum box 
string 45a closest to the drain electrode 7, and held as 
such. Thus, the eource-to-drain current reduces. In this 
case, the number N of the quantum box strings confining 
the electrons depends on the value of the pulse voltage 
applied to the gate electrode 6, and the value of the 
source-to-drain current is decided in correspondence to 
the number N of the quantum box strings. 

This is now described in detail with reference to 
Figs. 9 and 1 0. Fig. 9 shows sectional views Identical to 
that shown in Fig. 1B. Portions Identical to those in Fig. 
1 B are denoted by the same reference numerals, and 
redundant description is omitted. Referring to Fig. 9, 
btack circles show the quantum boxes confining elec- 
trons, and symbol N denotes the number of the quantum 
box strings confining the electrons. In case Fig. 9, five 
quantum box strings are provided In total. The electrons 
are confined in the quantum boxes successively from 
the string closer to the drain electrode 7 as hereinabove 
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described, and hence six states (i) to (vi) appear in cor- 
respondence to the values of the number N of strings. 

Fig. 10 is a current-voltage characteristic diagram 
of the semiconductor device according to the first em- 
bodiment having the structure shown In Fig. 1A. Refer- s 
ring to Fig. 10, the vertical axis shows a source-to-drain 
current flowing when voltages of 0 V and +1 V are ap- 
plied to the source and drain electrodes 5 and.7 respec- 
tively, and the transverse axis shows a positive pulse 
voltage applied to the gate electrode 6. Numerals (i) to to 
(vi) correspond to the six states (i) to (vl) In Fig. 9 re- 
spectively. According to the present invention, the quan- 
tum boxes form the quantum box strings at prescribed 
intervals, whereby the value of the source-to-drain cur- 
rent changes discontinuously, I.e., stepwise. is 

The state (I) In Figs. 9 and 10 expresses an erase 
state where no electrons are confined in the quantum 
box strings. When the positive pulse voltage is applied 
to the gate electrode 6 in correspondence to the states 
(ii) to (vi) in Fig. 9, electrons are confined In the quantum 20 
box strings, as shown In (ii) to (vi) in Fig. 9. These five 
states correspond to write states of the element. Name- 
ly, five write states of N = 1 to 5 and one erase state of 
N = 0 are present in the example shown in Figs. 9 and 
10. 25 

The electrons are confined in the quantum boxes 
successively from the quantum box string closest to the 
drain electrode 7 since the positive. voltage applied to 
the drain electrode 7 Is added to that applied to the gate 
electrode 6 so that the total voltage Isapplied to the else- 30 
trons close to the drain electrode 7. 

When a negative bias of about 1 V is applied to the 
gate electrode 6 In any write state, the electrons con- 
fined in the quantum box strings enter the channel layer 
2 again, and the element returns to the aforementioned 35 
erase state. 

As hereinabove described, the semiconductor de- 
vice according to the first embodiment of the present In- 
vention operates as a multivalued logic digital memory 
element In which a source-to-drain current dlscontinu- 40 
ously changes in a muftl-step manner, as shown In Figs. 
9 and 10. 

While the operation of the above embodiment has 
been described with reference to five quantum box 
strings, the semiconductor device may alternatively be <s 
provided with three or seven quantum box strings, to 
serve as a 2- or 3-bit digital memory element. 

With reference to Figs. 11 A and 11B and 12A to 
12E, the structure of a semiconductor device according 
to a second embodiment of the present Invention and a so 
method of fabricating the same are now described. 

Fig. 11 A is a typical sectional view showing the 
structure of the semiconductor device according to the 
second embodiment of the present Invention, and Fig. 
1 1 B is a sectional view of the semiconductor device tak- ss 
en along the line a - a' In Fig. 11 A showing the section 
along the one-dot chain line a - a' as viewed from above. 
Portions Identical to those In Figs. 1 A and 1B are denot- 



ed by the same reference numerals, and redundant de- 
scription is omitted. 

In the semiconductor device according to the sec- 
ond embodiment, quantum boxes 4 are buried In a chan- 
nel layer 2. For example, the quantum boxes 4 are po- 
sitioned at a distance ol about 200 A from a hetero-ln- 
terface formed by the channel layer 2 and a barrier layer 
3, for example. 

The method of fabricating the semiconductor de- 
vice according to the second embodiment Is now de- 
scribed with reference to Figs. 12Ato 12E. Figs. 12Ato 
12E illustrate the semiconductor device as viewed from 
a section thereof. Portions identical to those In Figs. 2 
to 8 are denoted by the same reference numerals, and 
redundant description is omitted. 

Steps shown In Figs. 12A and 12B are Identical to 
those in Figs. 2 and 3. Then, the channel layer 2 Is de- 
posited In a step Identical to that in Fig. 3, and the growth 
of the channel layer 2 is Interrupted in an Intermediate 
stage, to form the quantum boxes 4. The quantum boxes 
4 are formed similarly to the aforementioned case of 
Figs. 5 and 6. 

Then, the channel layer 2 is further deposited by 
about 200 A In thickness to bury the quantum boxes 4 
therein, as shown in Fig. 12D. Then, the barrier layer 3 
is lormed on the channel layer 2, as shown In Fig. 12E. 
Finally, a source electrode 5, a gate electrode 6 and a 
drain electrode 7 are formed on the barrier layer 3 re- 
spectively, similarly to the step shown in Fig. B. 

The semiconductor device according to the second 
embodiment operates as a multivalued logic digital 
memory element In which a source-to-drain current dis- 
continuously changes in correspondence to the value of 
a gate pulse voltage, similarly to the semiconductor de- 
vice according to the first embodiment. 

The structure of a semiconductor device according 
to a third embodiment of the present invention and a 
method of fabricating the same are now described with 
reference to Figs. 13A to 18B. 

Fig. 13A Is a typical sectional view showing the 
structure of the semiconductor device according to the 
third embodiment, and Fig. 1 3B is a sectional view of 
the semiconductor device taken along the line a - a* in 
Fig. 13A showing the section along the one-dot chain 
line a - a' as viewed from above. Portions Identical to 
those In Figs. 1 A and 1 B are denoted by the same ref- 
erence numerals, and redundant description is omitted. 
Fig. 1 3B Illustrates only the section of a barrier layer 3 
taken along the line a - a' and electrode positions (bro- 
ken lines), and omits the remaining portions. 

in Ihe semiconductor device according to the third 
embodiment, a channel Is lormed as a thin line having 
a width W, which longitudinally extends in a direction 
connecting source and drain electrodes 5 and 7 with 
each other as 6hown in Fig. 1 3B, and a first quantum 
box 41 , a second quantum box 42, a third quantum box 
43, a fourth quantum box 44 and a fifth quantum box 45 
are arranged In a barrier layer 3 provided on the thin- 
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line channel to align with each other one by one sub- 
stantially at regular Intervals. The thin-line channel has 
the channel width W sufficiently smaller than its channel 
length L For example, the channel width W is not more 
than 1000 A, and the channel length L is not more than s 
1 um 

Figs. 14A to 18B illustrate the method of fabricating 
the semiconductor device according to the third embod- 
iment of the present invention. Fig. 14A is a sectional 
view as viewed in the same direction as Fig. 13A, Fig. 10 
14B is a top plan view as viewed along arrow B In Fig. 
14A, and Fig. 14C is a side elevational view as viewed 
along arrow C in Fig. 1 4A. Figs. 1 5A to 1 8A are sectional 
views, and Figs. 15B to 18B are top plan views respec- 
tively. '5 

In the step shown In Figs. 14A and 14B, a channel 
layer 2 and tha barrier layer 3 are formed on a eubstrate 
1 similarly to the steps shown in Figs. 2 to 4, and there- 
after the barrier layer 3 Is worked into the form of a thin 
line having a width of about 1000 A by electron beam 20 
(EB) lithography and reactive plasma etching (FUE), as 
shown In Fig. 14C. According to the third embodiment, 
a surface of the substrate 1 may not be inclined from the 
(001 ) plane. 

As shown in Figs. 1 5A and 1 5B, an SiO a film 8 and 25 
a resist film 9 are stacked on the thin-line barrier layer 

3 formed in the step shown in Figs. 14A, 14B and 14C, 
and cylindrical patterns of a diameter r are formed 
through the aforementioned EB lithography and RIE. At 
this time, the diameter r is set to be not more than 500 A. 30 

As shown in Figs, 16A and 168, the resist film 9 is 
removed and quantum boxes 4 are formed by the afore- 
mentioned epitaxy. At this time, no semiconductor 
grows on the SIO a film 8, whereby the quantum boxes 

4 are selectively formed in the aforementioned cylindri- 35 
cal patterns. 

Then, the SI0 2 fllm8 is removed, and thereaflerthe 
barrier layer 3 is further deposited to bury the quantum 
boxes 4 therein through the aforementioned epitaxy, as 
shown In Figs. 17A and 17B. «o 

Finally, the source electrode 5, the gate electrode 6 
and the drain electrode 7 are formed on the barrier layer 
3, as shown In Figs. IBAand 18B. 

The operation of the semiconductor device accord- 
ing to the third embodiment is now describsd with refer- « 
ence to Fig. 1 9. Fig. 1 9 shows sectional views similar to 
that of the third embodiment shown In Fig. 1 3B. Portions 
Identical to those In Fig, 1 3B are denoted by the same 
reference numerals, and redundant description is omit- 
ted. 50 

Five quantum boxes 4 are formed in Fig. 19. Simi- 
larly to Fig. 9, black circles show quantum boxes con- 
fining electrons, and symbol N denotes the number of 
the quantum boxes confining electrons. The electrons 
are confined successively from the quantum box 4 clos- ss 
est to the drain eleclrode 7 similarly to the aforemen- 
tioned first embodiment, and hence six states (I) to (vl) 
take place in correspondence to the values of the 



606 A2 18 

number N. The semiconductor device according to the 
third embodiment operates as a multivalued logic digital 
memory element in which a source-to-drain current dls- 
continuously changes in response to the values of a 
gate pulse voltage corresponding to the six states, sim- 
ilarly to the semiconductor device according to the first 
embodiment. 

While the quantum boxes 4 are formed In the thin- 
line barrier layer 3 according to the third embodiment, 
the channel layer 2 may alternatively be worked Into a 
thin line, so that the quantum boxes 4 are formed In the 
channel layer 2 similarly to the second embodiment. Al- 
so in this case, the semiconductor device operates as 
a multivalued logic digital memory element in which a 
source-to-drain current discontlnuously changes In cor- 
respondence to the values of the gate pulse voltage. 

While the substrate 1 is formed of a Qa As (100)sub- 
strate In each of the aforementioned first to third embod- 
iments, the same may alternatively be formed of a GaAs 
(111) substrate ora GaAs (311 ) substrate. Further alter- 
natively, the substrate 1 may be formed of an InP or Si 
substrate, and the materials for the channel layer 2, the 
barrier layer 3 and the quantum boxes 4 may be pre- 
pared from InGaAs or SIGe, InAIAs or SI, and InAs or 
Ge respectively. 

In addition, the materials for the barrier layer 3 and 
the quantum boxes 4 may be prepared from an insulator 
such as SiN or S0 2 and a metal such as poly-SI or Au 
respectively. 

While the ohmic electrodes (the source and drain 
electrodes 5 and 7) are formed on the barrier layer 3 In 
each of the aforementioned first to third embodiments, 
a high concentration layer composed of Si-doped n+- 
GaAs, for example, may be stacked on the barrier layer 
3, so that the ohmic electrodes are formed on the high 
concentration layer. 

While the barrlBr layer 3 is formed on the channel 
layer 2 and the electrodes 5, 6 and 7 are formed on the 
barrier layer 3 in each of the aforementioned first to third 
embodiments, the order of stacking may be so changed 
that the channel layer 2 is formed on the barrier layer 3 
and the electrodes 5, 6 and 7 are formed on the channel 
layer 2. Further, a high concentration layer composed 
of Si-doped n + -GaAs, for example, may be formed on 
the channel layer 2, so that the ohmic electrodes are 
formed on thB high concentration layer. 

While each of the aforementioned first to third em- 
bodiments is provided with the gate electrode 6 for con- 
trolling the write/erase state of the element, the gats 
electrode 6 may be so omitted that a positive pulse volt- 
age Is applied to the drain electrode 7 and light is applied 
between the source and drain electrodes 5 and 7 there- 
by controlling the write/erase state. 

A method of fabricating quantum boxes according 
to a fourth embodiment of the present invention is now 
described. Figs. 20A, 20B, 20C and 20D are perspective 
visws showing the method of fabricating quantum boxes 
according to the fourth embodiment. Referring to Fig. 
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20A, numeral 51 denotes a substrate composed of 
QaAs or a semiconductor layer stacked on the sub- 
strate, which is hereinafter referred to as a semiconduc- 
tor layer 51 . A surface 51 a of this semiconductor layer 
51, composed of the QaAs (221) plane, hardly allows 
6elf-organized formation of quantum boxes. 

Then, a resist 52 is applied onto the semiconductor 
layer 5 1 , and thereafter hole resist patterns 52a of about 
1000 A in size are formed by electron beam (EB) lithog- 
raphy, for exposing the surface 51a of the semiconduc- 
tor layer 51 on bottom portions of the resist patterns 52a. 
The surface concentration of the resist patterns 52a is 
about 10" to 10 12 /cm 2 , depending on the application. 
While Fig. 20B shows triangular resist patterns 52a. 
these resist patterns 52a may have another shape such 
as a circular or rectangular shape. 

In the slate shown In Fig. 20B, the surface 51a of 
the semiconductor layer 51 exposed on the bottoms of 
the resist patterns 52a are etched with a mixed solution 
of citric acid and hydrogen peroxide, for forming etching 
patterns 51b having surfaces, formed by a plane other 
than the QaAs (221) plane, readily allowing self-organ- 
ized formation of quantum boxes. Then, the resist 52 is 
removed, whereby the etching patterns 51b having the 
surfaces readily allowing self-organized formation of 
quantum boxes appear on the surface 51a of the sem- 
iconductor layer 51, as shown In Fig. 20C. 

The etching patterns 51 b may be at a depth devel- 
oping the plane other than the QaAs (221) plane, and 
this depth Is not particularly restricted. 

The QaAs (221) plane most hardly allows self-or- 
ganized formation of quantum boxes, composed of InAs 
as described later, as compared with the (100), (110) 
and (111) planes and the like, and hence the etching 
patterns 51b may have any plane other than the GaAs 
(221 ) plane, and this plane is not particularly restricted. 

Finally, an InAs layer is formed on the surface 51a 
ol the semiconductor layer 51 having the etching pat- 
terns 51b. The surface 51a of the semiconductor layer 
51 hardly allows self-organized formation of quantum 
boxes composed of InAs, and hence quantum boxes 53 
composed of InAs are selectively formed on the etching 
patterns 51b, as shown In Fig. 20D. 

At this time, the quantum boxes 53 are formed in a 
self-organized manner, and hence the size thereof is not 
more than several 100 A, regardless of the size of the 
etching patterns 51b, 

The quantum boxes 53 composed of InAs are 
formed by epitaxy such as molecular beam epitaxy 
(MBE), metal-organic chemical vapor deposition 
(MOCVD) or chemical beam epitaxy (CBE). 

A method of fabricating quantum boxes according 
to a fifth embodiment of the present invention is now de- 
scribed. The method according to the fifth embodiment 
utilizes steps similar to those of the method according 
to the fourth embodiment shown In Figs. 20A and 20D, 
and hence steps of forming resist patterns 52a and etch- 
ing patterns 51b corresponding to thoss In Figs. 20Band 



20C are mainly described. 

Figs. 21 A and 21 B are top plan views showing the 
method of fabricating quantum boxes according to the 
fifth embodiment. Similarly to the step shown in Fig. 

s 20A, colloidal polystyrene Is applied onto a surface 51a 
of a semiconductor layer formed by the QaAs (221) 
plane hardly allowing self-organized formation by a 
spinner, whereby molecular balls 54 composed of poly- 
styrene regularly align with each other on the surface 

to 51a, as shown in Fig. 21 A The molecular balls 54 are 
about 3200 A in diameter. 

At this time, the clearances between the molecular 
balls 54 define triangular patterns 54a, and the surface 
51a of the semiconductor layer is exposed on bottom 

is portions of the triangular patterns 54a, as shown in Fig. 
21 A. The size of each edge of the triangular patterns 
54a is 660 A. 

Such a method of forming regular patterns by sim- 
ply applying a polymer with no lithography with ultravi- 

zo ©let rays, X-rays, electron beams or Ion beams is known 
as natural lithography. 

The aforementioned molecular balls 54 ol polysty- 
rene are employed as resist masks for etching the sur- 
face 51a of the semiconductor layer with the aforemen- 

25 tioned citric acid, and thereafter the molecular balls 54 
of polystyrene are removed. Thus, the etching patterns 
51b having surfaces readily allowing self -organized for- 
mation of quantum boxes are formed as shown in Fig. 
21 B. 

30 Finally, an InAs layer is formed on the semiconduc- 
tor layer through the aforementioned epitaxy, similarly 
to the step shown In Fig. 20D. Thus, quantum boxes of 
not more than several 100 A in size composed of InAs 
are selectively formed on the etching patterns 51 b. 

35 The filth embodiment requires no lithography with 
ultraviolet rays, X-rays, electron beams. Ion beams or 
the like, whereby the throughput can be improved and 
the cost can be reduced In fabrication of a semiconduc- 
tor device. 

*o Each of the methods ol fabricating quantum boxes 
according to the fourth and fifth embodiments can be 
employed for forming the quantum boxes of the semi- 
conductor device according to any ol the first to third 
embodiments. 

45 While the surface 51a of the semiconductor layer 
51 is prepared from the QaAs (221) plane in each of the 
methods according to the fourth and fifth embodiments, 
the surface 51a may alternatively be prepared from the 
(221) plane ol InQaAs or AIQaAs. 

50 White the quantum boxes 53 are prepared from 
InAs, a material such as InQaAs, InSb, GaSb or a com- 
bination of these elements Is also employable. 

While the etching patterns 51b are formed through 
citric acid In each of the methods according to the fourth 

55 and fifth embodiments, another anisotropic etchant 
such as tartaric acid Is also employable. 

While polystyrene is employed lor natural lithogra- 
phy in the method according to the fifth embodiment, a 
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method of arranging Au clusters is also employable. 

Although the present invention has been described 
and Illustrated in detail, it Is clearly understood that the 
same is by way of illustration and example only and is 
not to be taken by way of limitation. 

While the cases in which electrons are employed 
as carriers are described In the above first to fifth em- 
bodiments, the present Invention can be applied to the 
cases in which holes are employed as carriers. In these 
cases, a p-type barrier layer doped with a p-type dopant 
such as Be or C may be formed. 



Claims 

1 . A semiconductor device comprising: 

a channel region where carriers transit; and 
a plurality of quantum boxes provided in the vi- 
cinity of said channel region through a potential 
barrier for storing carriers, 
6aid plurality of quantum boxes being arranged 
at prescribed intervals in a direction parallel to 
the carrier transition direction In 6ald channel 
region. 

2. The semiconductor device in accordance with claim 
1 , wherein 

said plurality of quantum boxes form a plurality 
of quantum box etrings perpendicular to the 
earner transition direction in said channel re- 
gion, 

said plurality of quantum box strings being ar- 
ranged at said prescribed Intervals in said di- 
rection parallel to the carrier transition direction 
in said channel region. 

3. The semiconductor device in accordance with claim 
1 , wherein 

said channel region is formed in the shape of a 
thin line parallel to the carrier transition direc- 
tion in said channel region, 
said plurality of quantum boxes being arranged 
in a line at said prescribed intervals along said 
thin-lfne shaped channel region. 

4. The semiconductor device in accordance with claim 
1 , further comprising first and second electrodes for 
supplying carriers to said channel region. 

5. The semiconductor device in accordance with claim 
4, further comprising a third electrode for generating 
an electric field between said channel region and 
said plurality of quantum boxes. 

6. A semiconductor device comprising: 



a channel layer having a channel region where 
carriers transit In a direction parallel to a layer 
interface; 

a barrier layer being formed on said channel 
s layer and having a larger forbidden bandwidth 

than said channel layer; and 
a plurality of quantum boxes being buried In 
said barrier layer and having a smaller forbid- 
den bandwidth than said barrier layer, 
10 said plurality of quantum boxes being arranged 

at prescribed intervals in a direction parallel to 
the carrier transition direction In said channel 
region. 

is 7. The semiconductor device In accordance with claim 
6, wherein 

said plurality of quantum boxes form a plurality 
of quantum box strings being perpendicular to 
so the carrier transition direction in said channel 

region, 

said plurality of quantum box strings being ar- 
ranged at said prescribed Intervals In 6aid di- 
rection perpendicular to the carrier transition dl- 
25 rection In said channel region. 

8. The semiconductor device in accordance with claim 
6, wherein 

30 said channel region Is formed in the shape of a 

thin line being parallel to the carrier transition 
direction In said channel region, 
said plurality of quantum boxes being arranged 
In a thin-line shaped region of said barrier layer 

35 corresponding to said thin-line shaped channel 

region in a line at said prescribed intervals 
along said direction parallel to the carrier tran- 
sition direction in said channel region. 

to 9. The semiconductor device In accordance with claim 
6, wherein 

said channel layer is formed of an undoped 
semiconductor, 
is said barrier layer Is formed of one conductivity 

type semiconductor or insulator, and 
said plurality of quantum boxes are composed 
of an undoped semiconductor or metal. 

so 10. The semiconductor device In accordance with claim 
6, further comprising first and second electrodes for 
supplying carriers to said channel region. 

11. The semiconductor device In accordance with claim 
ss 1 o, further comprising a third electrode for generat- 
ing an electric field between said channel region 
and said plurality of quantum boxes. 
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1 2. The semiconductor device in accordance with claim 
10, wherein 

an output Is extracted as multivalued logic 
from said first and second electrodes in correspond- 
ence to presence/absence of carriers in said plural- 
ity oi quantum boxes. 

13. The semiconductor device In accordance with claim 
6, wherein 

said channel layer is formed of a GaAs, In- 
QaAs or SiQe semiconductor, said barrier layer is 
formed of an AIGaAs, InAIAs or Si semiconductor, 
and said plurality of quantum boxes are composed 
of an InAs or Qe semiconductor. 

1 4. The semiconductor device In accordance with claim 
6, further comprising a substrate having a slightly 
inclined surface being Inclined from the baste plane 
orientation, 

said channel layer being formed on said 
slightly inclined surface of said substrate. 

15. A semiconductor device comprising: 

a channel layer having a channel region where 
carriers transit in a direction parallel to a layer 
Interface; 

a barrier layer being formed on said channel 
layer and having a larger forbidden bandwidth 
than said channel layer; and 
a plurality of quantum boxes being buried in 
said channel layer and having a smaller forbid- 
den bandwidth than said channel layer, 
said plurality of quantum boxes being arranged 
at prescribed intervals in a direction parallel to ■ 
the carrier transition direction in said channel 
region. 

1 6. The semiconductor device in accordance with claim 
15, wherein 

said plurality of quantum boxes form a plurality 
of quantum box strings being perpendicular to 
the carrier transition direction in said channel 
region, « 
said plurality of quantum box strings being ar- 
ranged at said prescribed intervals in said di- 
rection parallel to the carrier transition direction 
In said channel region. 



said channel region Is formed in the shape of a 
thin line being parallel to the carrier transition 
direction In said channel region, 
said plurality of quantum box strings being ar- 
ranged In a line at said prescribed intervals 



along said direction parallel to the carrier tran- 
sition direction in said thin-line shaped channel 



1 8. The semiconductor device in accordance with claim 
15, wherein 

said channel layer Is formed of an undoped 
semiconductor, 
> said barrier layer is formed of one conductivity 

type semiconductor or Insulator, and 
said plurality of quantum boxes are composed 
of an undoped semiconductor or metal. 

; 18. The semiconductor device In accordance with claim 
15, further comprising first and second electrodes 
lor supplying carriers to said channel region. 

20. The semiconductor device In accordance with claim 
' 1 9, further comprising a third electrode for generat- 
ing an electric field between said channel region 
and said plurality of quantum boxes. 

21. The semiconductor device In accordance with claim 
1 9, wherein 

an output is extracted as multivalued logic 
from said first and second electrodes in correspond- 
ence to presence/absence of carriers in said plural- 
ity of quantum boxes. 

22. The semiconductor device in accordance with claim 
15, wherein 

said channel layer is formed of a GaAs, In- 
GaAs or SiGe semiconductor, said barrier layer le 
lormed of an AIGaAs, InAIAs or Si semiconductor, 
and said plurality of quantum boxes are composed 
of an InAs or Ge semiconductor. 

23. The semiconductor device in accordance with claim 
15, further comprising a substrate having a slightly 
Inclined surface being inclined from the basic plane 
orientation, 

said channel layer being formed on said 
slightly inclined surface of said substrate. 

24. A semiconductor memory device comprising: 

a channel region where carriers transit; 
a plurality of quantum boxes being provided In 
the vicinity of said channel region through a po- 
tential barrier for storing carriers; and 
first and second electrodes for supplying carri- 
ers to said channel region, 
said plurality of quantum boxes being arranged 
at prescribed intervals In a direction parallel to 
the carrier transition direction In said channel 
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25. The semiconductor memory device in accordance 
with clafrn 24, wherein 

an output Is extracted as multivalued logic 
from said first and secondelectrodes in correspond- 
ence to presence/absence of carriers In said plural- s 
ity of quantum boxes. 

26. A method of fabricating a semiconductor device 
comprising a channel region where carriers transit, 
and a plurality of quantum boxes being provided In 10 
the vicinity of said channel region through a poten- 
tial barrierfor storing carriers, said method compris- 
ing steps of: 

forming a single or plurality of semiconductor >s 
layers Including said channel region; 
Interrupting formation of said single or plurality 
of semiconductor layers; 
forming a plurality of quantum boxes on surfac- 
es of said single or plurality of semiconductor 20 
layers appearlngduring said Interruption at pre- 
scribed intervals in a direction parallel to the 
carrier transition direction In said channel re- 
gion; and 

further forming a semiconductor layer on said SB 
single or plurality of semiconductor layers to 
bury said plurality of quantum boxes therein. 

27. The method of fabricating a semiconductor device 

in accordance with claim 26, further comprising a so 
step of forming a slightly inclined surface having a 
plane orientation Inclined from the basic crystal ori- 
entation on a surface of a substrate, 

said step of forming said single or plurality of 
semiconductor layers including a step of forming 35 
said single or plurality of semiconductor layers in- 
cluding said channel region on said slightly inclined 
surface of said substrate. 

28. The method of fabricating a semiconductor device to 
in accordance with claim 27, wherein 

said step of forming said plurality of quantum 
boxes includes a step of forming said plurality of 
quantum boxes by self-organized formation so that 
said plurality of quantum boxes align with each oth- « 
er along a surface step appearing on said surface 
of said semiconductor layer during said Interruption. 

29. The method of fabricating a semiconductor device 

In accordance with claim 26, wherein bo 

said single or plurality of semiconductor layers 
Include a first semiconductor having a surface 
having a plane orientation hardly allowing sell- 
organized formation, ss 
said step of forming said plurality of quantum 
boxes Including steps of: 
forming a plurality of patterns having a plane 



orientation readily allowing self-organized for- 
mation on said surface of said first semiconduc- 
tor, and 

forming a plurality of quantum boxes composed 
of a second semiconductor on said plurality of 
patterns in a self-organized manner by forming 
said second semiconductor on said surface of 
said first semiconductor. 

30. A method of fabricating a semiconductor device 
comprising a channel region where carriers transit, 
a plurality of quantum boxes being provided In the 
vicinity of said channel region through a potential 
barrier for storing carriers, and a buried layer, 
formed of a semiconductor or Insulator, burying said 
plurality of quantum boxes therein, said method 
comprising steps of: 

forming a thin-line region by working at least 
one of said channel region and said burled layer 
into a thin line; 

forming a plurality of quantum boxes on said 
thin-line region at prescribed Intervals; and 
burying said plurality of quantum boxes In a 
semiconductor or insulator. 

31. The method of fabricating a semiconductor device 
in accordance with claim 30, further comprising a 
step of forming an electrode to be opposed to said 
plurality of quantum boxes. 

32. The method of fabricating a semiconductor device 
in accordance with claim 30, wherein 

said single or plurality of semiconductor layers 
include a first semiconductor having a surface 
having a plane orientation hardly allowing sell- 
organized formation, 

said step of forming said plurality of quantum 
boxes Including steps of: 
forming a plurality of patterns having a plane 
orientation readily allowing self-organized for- 
mation on said surface of said first semiconduc- 
tor, and 

forming a plurality of quantum boxes composed 
of a second semiconductor on said plurality of 
patterns in a self-organized manner by forming 
said second semiconductor on said surface of 
said first semiconductor. 

33. A method of fabricating a semiconductor device, 
comprising steps of: 

forming a slightly Inclined surface having a 
plane orientation Inclined from the basic crystal 
orientation on a surface of a substrate; 
forming a semiconductor layer on said slightly 
Inclined surface of said substrate; 
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Interrupting said formation of said semiconduc- 
tor layer; and 

forming a plurality of quantum boxes by self- 
organized formation so that said plurality of 
quantum boxes align with each other along a e 
surface step appearing on a surface of said 
semiconductor layer during said interruption. 

34. A method of fabricating a semiconductor device, 
comprising step6 of: ro 

forming a pattern having a plane orientation 
readily allowing self-organized formation on a 
surface of a first semiconductor having a plane 
orientation hardly allowing self-organized for- 
mation; and 

forming a quantum box composed of a second 
semiconductor on said pattern in a self-organ- 
ized manner by forming said second semicon- 
ductor on said surface of said first semiconduc- so 
tor. 

36. The method of fabricating a semiconductor device 
In accordance with claim 34, wherein 

said step of forming said pattern includes a 25 
step of employing natural lithography. 

38. The method of fabricating a semiconductor device 
in accordance with claim 35, wherein 

30 

said natural lithography includes etep6 of: 
applying a polymer compound to said surface 
of said first semiconductor thereby arranging 
molecular balls of said polymer compound on 
said surface of said first semiconductor, and 35 
etching said first semiconductor through said 
molecular balls of said polymer compound 
serving as masks. 

37. The method of fabricating a semiconductor device *> 
in accordance with claim 34, wherein 

said plane orientation hardly allowing sell-or- 
ganized formation Is the (221 ) plane, and said plane 
orientation readily allowing self-organized forma- 
tion is a plane different from the (221 ) plane. « 

38. The method of fabricating a semiconductor device 
In accordance with claim 34, wherein 

said first semiconductor includes a single or 
plurality of semlconductore selected from a group «> 
of QaAs, AIQaAs and InGaAs semiconductors, and 
said quantum box Is composed of a single or plu- 
rality of semiconductors selected from a group of 
InAs, InGaAs, InSb and GaSb semiconductors. 
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